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Luis C. Gaitan 
EVALUATION OF THE DEGREE OF BLENDING OF RECLAIMED 
ASPHALT PAVEMENT (RAP) BINDER FOR WARM MIX ASPHALT 
2011/12 
Thesis Chair: Yusuf Mehta, Ph.D., P.E. 
Master of Science in Civil Engineering 
 
 
The paving industry in recent years has seen the emergence of a plethora of warm mix 
asphalt (WMA) technologies and application. With most states incorporating a recycled 
asphalt pavement (RAP) limit, it is necessary for WMA to not only serve as a greener 
technology but to work in conjunction with current RAP practices.  Presently, most 
agencies assume a full blending condition in their mixtures which may lead to under 
asphalted mixtures. The purpose of this study is to develop a methodology for 
quantifying the degree of blending that occurs in WMA RAP mixtures at higher 
percentages of RAP. In addition to the methodology, the degree of blending will be 
determined for WMA and HMA production temperatures as well as other varying pre-
paving conditions like mixing time, mixing temperatures, conditioning time, and WMA 
type.  
A comparison between fine and coarse extracted samples immediately showed that 
the binder from virgin and RAP aggregate is not similar and is not fully blended. Degree 
v 
  
of blending proved to be sensitive to WMA modification and mixing time while not 
displaying any significant differences when comparing conditioning time and mixing 
temperature. Most WMA RAP trials in this study produced degree of blending values 
ranging from 70% to 90% while HMA RAP trials were 50% to 70%. The study showed 
that WMA RAP mixtures activate more RAP binder than conventional HMA RAP 
mixtures and thus field application would not require adverse plant modification.   
Polymer degradation of WMA was also studied to determine whether lower 
production temperatures could decrease polymer degradation. Gel permeation 
chromatography was used to measure molecular weight of polymer and binder particles 
at original, RTFO 133°C, and RTFO 163°C conditions. Evotherm® was the most 
sensitive binder at increasing conditioning temperatures and experienced the most 
polymer degradation while Sasobit® showed the least amount of degradation. Proceeding 
a statistical analysis it was determined that no significant differences occurred when 
comparing original binders and RTFO 133°C which would indicate a better preservation 
of the original state of the binder and better long term performance.  
vi 
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Chapter 1 
 
Introduction 
 
 
1.1 Background and Problem Statement 
 
In the midst of an environmentally concerned society, a demand for greener technologies to 
reduce energy consumption and carbon emissions has arisen. With over four million miles of 
paved road in the United States, use of recycled asphalt pavements (RAP) has been paramount in 
contributing to green highway construction practices. Since most states limit the percentage of 
RAP in roads (25% in New Jersey in base layers) an alternative means to improve green highway 
construction must be implemented  FHWA (2011). Terra Road Alliance (2009) states that warm 
mix asphalt (WMA) pavements, born in Europe,  has existed for a decade and offers green 
benefits like lower fumes and emissions, lower energy consumption, lower plant wear, extended 
pavement season, increased cold temperature performance, decreased binder aging, and 
compaction aid for stiff mixes. Alliance The combining of RAP and WMA and their interaction 
is the main focus of this study.  
The focus will be on the degree of blending that is observed between WMA and RAP under the 
varying parameters such as mixture temperature, mixture time, holding time, and type of binder. 
Currently on hot mix asphalt designs, a design binder content is established by giving the RAP 
and the binder in the RAP 100% credit or complete mobilization. In actuality, research shows 
that the degree of blending within a mix exhibits partial blending, which is a blending proportion 
in the range of 100% or full blending and 0% blending or the “black rock” effect as presented in 
Huang (2005). Therefore, the 100% assumption of activated RAP binder may result in 
underperforming under-asphalted mixture designs.  
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Since warm mix asphalt is a newer technology when compared to hot mix, little is known about 
blending tendencies and performance and even less is known when RAP is added. New Jersey is 
currently in the preliminary steps of creating guidelines to using WMA technologies. In 
preparing these guidelines a degree of blending t is necessary to verify the amount of binder that 
is credited from the RAP and the degree to which it blends with the different WMA virgin 
binders. Evotherm® and Sasobit®, the two most common warm mix additives in the northeast 
region were chosen for the study. 
Gel permeation chromatography (GPC) tests have shown that polymers present in hot mix 
asphalt binders significantly decrease in molecular weight due to high temperatures, aging, and 
oxidation Sugano et al. (2009) .These high temperatures lead to polymer degradation and 
reductions in molecular weight. Since WMA temperature are lower than HMA temperature by as 
much as 60° F, it is important to determine changes in molecular weight and if lower production 
temperatures provide better polymer integrity and extend pavement life in regard to fatigue 
cracking.  
 
1.2 Hypothesis 
1. The degree of partial blending of RAP binder in RAP WMA can be determined using 
fundamental properties like G*/sin(δ) of binder extracted from separated fine RAP 
aggregates and coarse virgin aggregates of RAP mix. 
2. The degree of partial blending of RAP binder in RAP WMA can be determined by 
calculating film thickness for different blending conditions using asphalt content and 
gradation of RAP WMA. 
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3. The degree of partial blending is directly correlated to mixing time, mixing                 
 temperature, type of binder, WMA additive, and holding time.  
4. The lower mixing and conditioning temperatures of WMA will maintain the                                
             polymer structure and lower the degree of polymer degradation. 
1.3 Objectives 
The objectives of the study are: 
1. To determine the degree of partial blending occurring in the WMA consisting of 25% 
RAP by total weight of the mix and varying values in the parameters of mixing time, 
conditioning, WMA type, and mixing temperature.  
2. Compare binder molecular weight of polymers in WMA binders mixed and aged at 
WMA and HMA production temperatures and determine effect on polymer. 
 
1.4 Research Approach 
To meet the objectives outlined above, the research approach was divided into the following five 
tasks. 
1.4.1 TASK 1: Literature Review 
Review past studies related to blending of RAP binder in RAP mixes, RAP Binder in WMA 
RAP mixes, and its effect on the mix performance. A review that covers RAP and WMA and 
that eventually reviews how these two methodologies have interacted and performed is 
necessary.  
A separate review will also be necessary to collect information of previous studies on polymer 
degradation in WMA modified asphalt through gel permeation chromatography.  
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1.4.2 TASK 2: Blending Study 
In order to determine degree of blending occurring in the RAP mix, a blending study originally 
developed by Shirodkar et al. (2010) was carried out.  The procedure will modify the original 
procedure to accommodate changes due to WMA modification.    
1.4.4 TASK 3: Evaluate molecular weight of WMA Binders at Different Aging Conditions 
Gel permeation chromatography (GPC) testing was carried out on original and aged binders that 
contain WMA modification. The molecular weights of the original and aged samples will be 
measured and compared in regard to polymer degradation.  
 
1.5 Scope 
This study will encompass two of the most widely used WMA technologies currently available 
in the market. The WMA technologies differ in how lower production temperatures are achieved 
as well as category of WMA technology. A single RAP aggregate and virgin aggregate source 
will be used as a control. It is important to note that some agencies have not developed RAP 
stockpiling guidelines which would result in varying degrees of blending in this study.  
In regard to the polymer degradation study, a regiment of GPC testing and analysis will be 
carried out to investigate molecular weight changes between WMA binders and aging 
conditions. The binders from the blending study will be the focus as well as three different aging 
conditions (Original, RTFO at 133°C, and RTFO at 163°C) 
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1.6 Significance of Study 
The significance of this study is founded on the full credit that most agencies apply to RAP 
aggregate in regard to contribution to binder content. Credit within a RAP aggregate can be 
defined as the amount of asphalt binder relative to the binder content that is mobilized in a RAP 
aggregate. Therefore, full credit would signify that all or 100% of the asphalt content in RAP 
aggregate is considered mobilized when used. In HMA mixtures full credit may be accurate but 
applying the same accreditation to WMA mixtures may not. Due to WMA’s varying categories 
and recent implementation it is necessary to quantify to what degree it blends with RAP and if it 
differs significantly to warrant less than full accreditation. This study will aim to determine how 
WMA compares to HMA in addition to determine how factors such as mixing time, mixing 
temperature, conditioning, and WMA type effect degree of blending.  
In terms of the polymer degradation study, there is no study that focuses on the polymer 
degradation that occurs in WMA binders when subjugated to aging conditions. It can be assumed 
that the lower production temperature would lead to lesser degrees of polymer degradation in 
tern leading to longer fatigue resistance. It is important to quantify the degree to which WMA 
production lowers the polymer degradation that occurs in binders.  
 
1.7 Summary 
This chapter provides an introduction and a summary of the problem statement. In order to 
achieve these objectives a briefing of the research approach was also provided and a more 
detailed explanation will be provided in the following chapters. The next chapter will provide a 
detailed literature review of WMA technologies, RAP mixes, and how these two paving 
technologies might interact.  
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Chapter 2 
Literature Review 
 
2.1 Introduction 
 
In response to the Kyoto Accord adopted in December 1997, the European Union was prompted 
to seek new ways to reduce carbon emissions via any median, including paving methods and 
practices.  By 2000, the European Union (EU) had introduced various paving alternatives, one of 
which was warm mix asphalt technology. Upon noticing progress in warm mix technologies in 
European nations the US paving industry made several tours and reviews, in 2002 and 2007, of 
the projects and research that had been implemented.  As a result of these trips, over 20 warm 
mix asphalt technologies are currently available in the United States and various studies have 
been conducted and are underway exploring the characteristics of the various types of warm mix 
Terra Road Alliance (2009). 
The goal of WMA is to reduce the production temperature of asphalt concrete. The amount 
reduced in production temperature varies from producer and amount desired but typically ranges 
from 25°C to as much as a 75°C production temperature reduction. The temperature reduction in 
turn reduces emissions, energy consumption, extends paving seasons, and improves workability 
at lower temperatures. The process by which the production temperature is reduced typically 
varies between the various warm mix technologies that are available. Generally these processes 
are categorized into 4 different types: foaming agent/additives, plant foaming, viscosity reducers, 
and emulsions. There are 20 different WMA technologies currently in the United States that can 
be categorized into these 4 categories which are viscosity reducers, foaming agents, emulsions, 
and plant foaming all of which will be described later in the chapter.  
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In using WMA technology it is important to determine how it will interact with the current 
paving practice of using RAP. RAP has been present in industry since the 1970’s, as a results of 
oil embargoes, and therefore has had time to develop regulation and limitation. The Asphalt 
Recycling and Reclamation Association define four different types of recycling methods.  The 
methods are hot recycling, hot in-place recycling, cold in-place recycling and full depth 
reclamation Kandhal (1998).  
In hot recycling, older roads requiring rehabilitation are milled for resurfacing. The milled 
materials can be stored and used later on when they incorporated into mixtures containing virgin 
binder and aggregates. This method has proven to be a cost effective and environmentally 
friendly method of recycling asphalt concrete without adversely affecting performance.  
Hot in-place recycling expedites the process of recycling asphalt pavement by forgoing 
stockpiling and introduces the milled pavement back into the new pavement on site. Typically 
hot in-place recycling requires some addition of virgin materials such as binder, aggregate, and 
rejuvenating additives to improve the properties of the recycled pavement. The addition process 
along with mixing all occurs on site when the recycled pavement is heated to remobilize the 
recycled asphalt and allow proper mixture and compaction Russell et al (2010) and FHWA 
(1998). 
Cold in-place recycling does require the use of heat to mobilize milled pavement rather it 
incorporates foaming agents and/or rejuvenators to remobilize the pavement. Like hot in-place 
recycling, cold in place also takes place on site with a train of equipment. Typically cold in place 
recycling is reserved for resurfacing of roads that have a structurally sound base course or low 
volume roads FHWA (1997). 
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Full depth reclamation can be described as an extended application of cold in-place recycling in 
that it not only reuses milled surfaces can go into the base course as well. Full depth reclamation 
results in a stabilized base course which requires a new surface HMA pavement FHWA (1997). 
Most states have regulations limiting RAP usage; thus limiting the benefit of using less natural 
resources, however WMA can be used in conjunction with RAP. With WMA current RAP 
practices maybe maintained while vastly decreasing energy consumption and carbon emissions. 
Only eleven states in the USA have participated in projects that involve WMA and RAP. Many 
DOT’s have expressed concern and have steered away from WMA and RAP projects due to the 
lack of regulation and unfamiliarity Rond (2009). 
2.2 Degree of Blending 
 
Shirodkar et al. (2010) developed an equation to quantify the degree of blending between virgin 
coarse aggregate and RAP fine aggregate using the binder properties from extracted and 
recovered samples. This involved mixing a gap graded asphalt mixture in which virgin aggregate 
comprised the coarse aggregate and RAP comprised the fine aggregate.  The asphalt mixture was 
then manually separated into coarse and fine mixed aggregate. The separated coarse and fine 
aggregates were then extracted and recovered (AASHTO T-319) followed by binder property 
testing (AASHTO M-320). A blending ratio was developed using the RTFO G*/sin (δ) 
parameter from AASHTO M-320. The blending ratio equation was determined as follows in 
equation 2.1: 
 
                
      (δ)                        
     (δ)                  
      (δ)                     (δ)                        
          (2.1) 
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This equation can be broken down into 4 parts: actual blending (Top), zero blending simulation 
(Bottom), virgin aggregate (Left), and RAP (Right). The aim of the equation is to measure 
blending by accounting for the difference in binder properties between actual and theoretical 
blending conditions. As the blending ratio approaches zero, the degree of blending approaches 
100% and if the blending ratio approaches 1, the degree of blending approaches zero.  
In a study by Shirodkar et al. (2010), a gap-gradation with no aggregates between the No.4 and 
No.8 was used to facilitate the separation process later, with RAP aggregates sieved finer the 
No.8 sieve and virgin course aggregates sieved to be larger than the No.4 sieve. The RAP 
aggregates were heated to remove any preexisting moisture and the virgin course aggregates 
were washed to eliminate fines and heated till dry. The virgin and RAP material was then mixed 
at 350°F for 1, 2, and 3 minutes and at RAP contents of 10%, 25%, and 40% using a mechanical 
mixer.  It was observed that percentage of RAP binder transfer increased after one minute and 
stopped increasing in the range of two to three minutes. The approximate binder transfer was 
considered as 30% and 20% for 25% and 35% RAP, respectively. The increase in RAP 
percentage also showed a decrease in RAP binder transfer mostly due to the fact that RAP 
aggregate is more likely to transfer binder to other RAP aggregate at higher RAP percentages 
Shirodkar et al. (2010)[3]. The coating study binder transfer was used to determine the initial 
estimate in the blending study for which degree of partial blending for 25% and 35% RAP by 
weight of aggregates was determined as 70% and 96%, respectively.   
The numerator in Equation 1 presents the difference between the RTFO G*/sin (δ) parameter of 
the virgin and RAP material. The denominator represents the condition in which zero blending or 
no mobilization of RAP binder occurs. Since no RAP is activated, the binder extracted from 
virgin aggregate is expected to have the same properties as virgin binder material, which is 
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represented in the first half of the denominator. Furthermore, RAP binder is not expected to 
mobilize during mixing but will still be removed during the extraction and recovery process 
Shirodkar et al. (2010). In order to replicate the black rock effect, film thicknesses around virgin 
and RAP aggregates were determined using the Bailey’s method. Bailey’s method approximates 
the total surface area of aggregates within a mixture using surface area factors obtained from the 
overall gradation. This total surface area is then used in conjunction with the asphalt content of 
the mixture for determining the approximate film thickness around each aggregate Asphalt 
Institute (1993) Kandhal et al. (1998) [9]Sengoz et al. (2007).   
Nguyen (2009) concluded that the full blending assumed by a majority of transportation agencies 
does not occur by studying colored virgin binder and RAP aggregate imaging. In this study clear 
virgin binder (Shell Mexphalt C 160/220 Pen) was mixed with iron oxide to produce a red 
binder. This in turn allowed easy identification between virgin binder and RAP particles.   Fine 
and coarse RAP was considered in this study with a variety of mixing times ranging from 2 to 8 
minutes for coarse RAP and 1 to 8 minutes for fine RAP.  It was observed that coarse RAP led to 
an increased mixing effort and higher thermal energy requirements to prevent RAP from 
collecting. Although increased mixing time and fine RAP increased the homogeneity observed 
through slicing of compacted specimens, RAP collection was still evident in various 
combinations of conditioning and mixing time Nguyen (2009). 
2.3 Polymer Degradation 
 
Polymer degradation is the breakdown and deterioration of performance in modified binders due 
to oxidation and heat. Lu and Isaccson (1998, 2000) concluded that the rheological properties of 
asphalt binder were adversely affected by oxidation and styrene-butadiene-styrene (SBS) 
degradation. Gel permeation chromatography (GPC) was used to measure the molecular weights 
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of the binder and polymer components of the binder  Lu and Isacsson (2000) Lu and Isacsson 
(2008). GPC measures the molecular weight of the largest particles first which are the polymers 
and a reduced molecular weight typical means the reduction of the polymer. Results showed that 
as heat and oxidation increased, polymer molecular weight decreased indicating polymer 
degradation as a result of stabilization with chemical constituents within the binder. Unlike the 
polymer, the binder increased in molecular weight as a result of the increase of the high 
molecular weight binder constituent known as asphaltenes Sugano (2009).  
Cortizo (2004) delved further into the concept of thermal degradation though GPC of polymers 
by comparing SBS polymers with different chemical structures (linear and star) and controlled 
aging. Although comprised of similar materials, the two structures differ in molecular weight in 
addition to behavior in thermal degradation. It was concluded that cross-linking products were 
formed as a result of star structured products. Linear SBS modified asphalt produced lower 
molecular size products which resulted from a lack of free radicals to cross-link with asphalt 
constituents which led to chain scission and additions to asphalt constituents. The addition these 
broken polymers would lead would lead to a higher percentage of lower molecular weight 
materials in the asphalt binder Cortizo et al. (2004).  
2.4 WMA Binders 
 
WMA binders are defined as binders that reduce the production temperature of asphalt concrete 
by approximately 25°C to 75°C while maintain strength, durability, and performance. The 
selection of a WMA technology is a function the tonnage produced, temperature reduction 
desired, and binder modification. Currently, over twenty WMA technologies exist in the United 
States and can be categorized into the following categories:  
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 Foaming Agents/Additives – incorporates the use of moisture through additives or 
aggregates in asphalt production. Advera®, Asphal-min®, and LEA (Low 
Emission Asphalt) fall under this category. Examples provided in figure 2.1.  
 
 
Figure 2.1 a) Example Advera a synthetic zeolite b) LEA water injection mechanism 
 
 Plant Foaming – Similar to foaming but using a modified plant to incorporates 
moisture. Astec Double Barrel Green and WAM Multi-component Binder 
Coating (WAM Foam) technologies fall under this category. Examples provided 
in figure 2.2.  
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Figure 2.2 a) Astec® Double Barrel & b) WAM Foaming Mechanisms 
 
 Viscosity Reducers – Reduce the viscosity of the binders resulting in reduced 
mixing and compaction temperatures. Sasobit® and Rediset WMX® are 
examples of viscosity reducers.  Examples provided in figure 2.3. 
 
Figure 2.3 a) Example of Sasobit® WMA b) Example of Rediset® WMX 
 
 Emulsions – Emulsions incorporate surface acting agents to reduce heat energy 
required and increasing the use of chemical energy. Evotherm® is categorized as 
an emulsion. 
 
In this study, two WMA technologies were considered and are described below. Evotherm® is 
categorized as a synthetic emulsifier in that it chemically reacts to blend two previously 
immiscible products which are the asphalt binder and virgin aggregate.  It originates from the 
synthesis of oils naturally present in trees. Typical hot mix asphalt uses higher temperatures to 
reduce viscosity and promote coating.  Evotherm® reduces the heat energy required and uses 
chemical energy to promote coating. Evotherm® is comprised of surface active agents 
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(surfactants), which have polar and non-polar properties.  These surfactants are able to react with 
the non-polar asphalt and polar aggregate bringing the two together at a lower temperature 
MeadWestVaco (2011). 
Sasobit® is categorized as a viscosity reducer of both mixing and compaction temperature. 
Sasobit® is long chain aliphatic polymethylene hydrocarbon crystalline that originates from 
byproducts of the Fischer-Tropsch process on natural gases or coal.  The byproducts of interest 
are the Fischer-Tropsch waxes which have long hydrocarbon chains which lead to higher melting 
points. Sasobit® is completely soluble in asphalt binder at temperatures higher than 248°F 
(120°C) and will not separate in storage. The crystalline properties at lower temperatures of 
asphalt provide rut resistance and can be considered an alternative to SBS modification Graham 
(2005). 
2.5 WMA and RAP 
 
In regards to combining WMA and RAP methodologies, the primary concerns most agencies 
have is whether RAP blends at WMA production temperatures as well as HMA production 
temperatures. It is generally assumed that a decreased production temperature would result in a 
decreased allowable RAP content. A secondary concern in using RAP in WMA is the effect on 
the final performance grade of the blended binder. At HMA production temperatures, RAP with 
significantly higher performance grades can be used since they can be mobilized. The lower 
production temperature of WM A would limit the stiffness range of RAP used.  
Bonaquist (2011) conducted a study focused on the mixing that occurs between WMA binders 
and RAP at varying production temperatures and conditioning times. The first part of the study 
entailed an atomic force microscope (AFM) which imaged film on film interfaces. WMA binders 
(Sasobit® & Advera®) were casted onto binder that was long term aged through the pressure 
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aging vessel procedure to simulate RAP binder. Three sample areas were chosen, center of the 
WMA binder, contact line between the two binders, and the edge of the RAP binder. Imaging 
occurred before and after conditioning at 130°C. The images showed structural differences 
between the WMA and RAP binders their respective imaging locations. At the transition 
location, the structure was a visually transitioning between the WMA and RAP binder which 
indicates that mixing is occurring during WMA conditioning Bonaquist (2011).  
In addition to the AFM study, Bonaquist (2011) also performed a mixture study in which the 
dynamic modulus of different WMA binders and RAP were tested at varying temperatures and 
conditioning times. Results from the mixture study showed that little blending occurred at 0.5 
and 1 hour conditioning times. Increased blending was observed at 2 hour conditioning although 
Evotherm® showed minimal increases most likely due possible side effects due to Evotherm® 
additives. Mixing was found to occur beyond the mixing portion of production and continues 
during conditioning and compacting. The introduction of RAP stiffened the overall binder which 
led to the consideration. The study showed that blending was similar at WMA production 
temperatures when compared to HMA production temperatures Bonaquist (2011).  
 
2.6 RAP Aggregate 
 
The use of RAP was a direct reaction to the oil embargo of 1973 which restricted the amount of 
new asphalt binder available. RAP aggregate originates from the milling pavements and 
stockpiling the removed surface. The milling occasional causes crushing of RAP aggregates 
which lead to finer gradations and higher clay contents. Beam and Maurer (1991) studied six 
RAP projects and observed that gradation of RAP aggregate was finer than the core indicated 
which led to higher binder contents Beam and Maurer (1991). 
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McGennis (1995) divided RAP aggregate properties into consensus and source properties. In 
developing Superpave, it was agreed upon that certain RAP aggregate properties were integral in 
achieving satisfactory pavement characteristics. Consensus properties consist of coarse and fine 
aggregate angularity, flat and elongated particles, and clay content. The remaining source 
properties that are considered critical are toughness, soundness, and amount of deleterious 
materials McGennis (1995) . In response to the elevated fine composition, Stroup-Gardiner and 
Wagner (1999) recommended fractionation of RAP into fine and course particles to reduce dust 
composition in RAP mix, therefore allowing higher percentages of RAP Stroup-Gardiner (2000). 
NCHRP 9-12 and other DOT specification (IDOT, FDOT) developed specifications regarding 
fractionation in reducing variability which results from inconsistent RAP stockpiling practices. 
An NCAT survey (West, 2008) showed that 74% of plants that responded crushed all RAP into 
one size West (2008). Figure 2.4 shows the remaining RAP crushing distributions used by the 
responding plants. The majority (52%) of the plants that crushed RAP chose ½” sieve size. Table 
2.1 presents the remaining distribution of single sieve sizes used by plants.  
 
 
Figure 2.4 Distribution of RAP crushing methods West (2008) 
fractionated only 
4%
no further procesing 
before loading 
6%
all crushed to a 
single size 
74%
crushing size 
depends on need 
16%
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Table 2.1 Screen Sizes Used In Rap Crushing West (2008) 
 
 
2.7 Extraction and Recovery of RAP binder  
 
The allowable amount of RAP in HMA is dependent on the characteristics, gradation, size, and 
asphalt content of the RAP. Zhang (1996) used extraction and recovery along with the ignition 
oven method to determine asphalt content allowing for proper HMA design using high RAP 
content. The extraction and recovery procedures allow for the separation of RAP binder and 
RAP aggregate Zhang (2006). These same methods will be applied to this study in which WMA 
is used with high amount of RAP. The method is explained as follows: 
2.7.1 Solvent Extraction 
2.7.1.1 Background 
 
Extraction and recovery procedures on reclaimed asphalt pavement determine quality control, 
performance, and design parameters for hot mix asphalt.  Through extraction and recovery 
Screen Size % of Responses 
< 1/2 inch 6% 
1/2 inch 52% 
5/8 inch 16% 
3/4 inch 11% 
1 inch 5% 
> 1 inch 11% 
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procedures with solvent solutions, the binder is removed from the aggregates and is retrieved 
along with the aggregates for determination of properties.  There are many characteristics of 
interest for the reclaimed binder such as aging, stiffness, and temperature susceptibility.  The 
aggregate gradation of the RAP is important because ultimately the RAP will be used along with 
virgin materials to produce an asphalt mixture which will be used in a recycling project. 
2.7.1.2 Extraction Procedures 
 
A variety of methods exists to extract asphalt binder from mixed aggregate and RAP binder, 
most of these methods exists in ASTM (American Society for Testing Materials) and AASHTO 
(American Association of State Highway and Transportation Officials). The extraction methods 
from ASTM D2172-05/ AASHTO T 164-08 are the centrifuge extraction (Method A), reflux 
extraction (Methods B, C, D) and vacuum extraction (Method E) ASTM (2005) AASHTO 
(2008).  Methods A and B, C, &D, the centrifuge and reflux methods, being the most popular 
among technicians and researchers due they’re simplicity and ease. Do due the vast amount of 
extraction and recovery procedures required for this study it was determined that the centrifuge 
method best extracts asphalt binder in a timely matter. One of the few disadvantages of this 
centrifuge procedure is that about 4% of binder is actually collected while the rest is lost.  An 
Example of centrifuge and reflux extraction apparatus are presented in the figures 2.5.  
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Figure 2.5 Centrifuge Extraction Apparatus (Hoskin Scientific) 
2.7.1.3 Recovery Procedures 
 
Proceeding the extraction process is the recovery process or the separation of the solvent from 
the asphalt, of which two methods exists. The first method is known as the Abson recovery 
method  ASTM (2003) AASHTO (2005).  This method began in the 1930’s and was effective in 
removing a majority of the solvent from the asphalt binder.  But later studies showed that not 
enough solvent was removed, leaving residue solvent in the asphalt binder, resulting in reduced 
stiffness Abson and Burton (1960) Peterson et al. (1999).   
The second method was a response to the dated Abson method and uses a rotary evaporator 
shown in figure 2.10 ASTM (2005)[30] Collin-Garcia et al. (2000). The advantages of this 
method included less heat use, mixing of the solution for uniform evaporation, and simple and 
less labor intensive. .  In this method, a majority of the residual solvent gets removed with the 
rotary action and lower heat causes less aging of the binder Collilns-Garcia et al (2000) Stroup-
Gardiner et al. (2000). The advantages result in more accurate results when the recovered binder 
is tested for rheological and mechanical properties. Because of the superior performance by the 
rotary evaporator, it was chosen the recovery method for this study. Table 2.2 summarizes 
different recovery methods.   
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Figure 2.6 Rotary Evaporator Apparatus  
 
TABLE 2.2  Summary of Recovery Methods 
Recovery Advantage Disadvantage 
Abson 
 
 
 
Widely practiced (1930s) 
Leaves residual solvent 
(lowers stiffness) 
Skewed binder properties 
Less Costly Procedure 
High energy (ages binder) 
Labor Intensive 
Rotary 
Evaporator 
 
 
 
Widely practiced (1970s) 
Aging effects from high temp 
Less heat 
(less aging of binder) 
Mixes for a uniform binder consistency 
Less labor intensive 
 
2.7.1.4  Solvents  
 
For the process of extracting and recovering asphalt binder from aggregates various solvents that 
dissolve asphalt exists but vary in properties, ability to dissolve asphalt binder, and quality of 
asphalt after solution. Most of these solvents also fall under the category of hazardous waste and 
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require particular disposal and attention to safety and health since long term exposure may lead 
to serious medical issues, particularly carcinogenic effects.  
The most widely used of the solvents is tricholoroethylene(TCE) which is a known carcinogen. 
Long term exposure studies have showed that TCE leads to health issues such as headaches, 
dizziness, and tremors. Research has shown that extended exposure to TCE may lead to kidney 
cancer, non-hodgins lymphoma, leukemia, cardiac defects, central nervous system defects, and 
death Stroup-Gardiner (2000).  
Since TCE has a plethora of health related concerns in its use a viable alternative may be 
necessary for safer working environments. EnSoly is one of the viable alternatives to TCE. 
EnSoly’s primary component is n-propyl bromide and is not categorized as a carcinogen and has 
no recorded cases or health defects or death Stroup-Gardiner (2000)[21].   
A study by Collins-Garcia and Roque (2000) was conducted to determine differences in 
properties between TCE and EnSoly in which differences in mean solubility varied by only 
0.098 percent. With the exception of two outliers in the results, the solubility of TCE and EnSoly 
were determined to be statistically insignificant. Tests were repeated on the outlier samples and 
differences of 0.013 and 0.105 percent were determined. It was concluded that TCE and EnSoly 
don’t have any inherent differences in terms of solubility Collins-Garcia (2000).   
The results of the solvent study suggest that EnSoly is a viable alternative to TCE in terms of 
results and safety. In addition to increased safety, Ensoly has shown to require less recovery 
completion time when compared to TCE. When recovered binders were tested, viscosities from 
both solvents were comparable Burr et al. (1991). 
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2.8 RAP Binder Properties 
 
After undergoing extraction and recovery processes, the binder is evaluated for its rutting and 
fatigue performance properties. These properties are influenced by RAP binder properties as well 
as aging that the binder has undergone throughout production and service. Asphalt aging and 
oxidation affects, chemical, mechanical, and rheological properties of asphalt binder. In order to 
provide a concise background for this study the following topics will be discussed in the 
following sections.  
2.8.1 Binder aging 
 
The aging asphalt binder undergoes throughout its production and service life can be categorized 
as either short term aging or long term aging.  Short term aging occurs primarily due to 
volatilization and occurs during the production, transportation, and laying of asphalt pavement. 
Long term aging occurs throughout the service life of the pavement and is primarily caused by 
oxidation. In both asphalt aging cases the binder viscosity or stiffness increases. The increased 
stiffness due to aging has proven to lead to increased fatigue cracking, moisture susceptibility, 
and decreased wear resistance.   
Asphalt is a petroleum based product comprised of various hydrocarbons and other elemental 
components such as sulfur, nitrogen, oxygen, and metals. These components can be categorized 
into one of four major constituents: saturates aromatics, resins, and asphaltenes. Saturates, 
aromatics, and resins can be further categorized into the classification known as maltenes. 
Corbett (1975) found throughout aging, maltene content decreased, transforming into asphaltene. 
This was significant since its known that asphaltenes are the stiffening constituent of asphalt. 
Increased asphaltene content will commonly lead to a stiffer binder, less fatigue cracking 
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resistance, and decreased ductility all of which contribute to poor pavement performance Corbett 
(1975)[34].  
The means by which these aging conditions are simulated in the lab include the rolling thin film 
oven (RTFO) procedure or AASHTO T 240 and the pressure aging vessel (PAV) procedure or 
AASHTO R 28. The RTFO (ASTM D2872) aging procedure simulates short term during 
production and its values from DSR testing provide rutting resistance AASHTO (2008)[35]. The 
PAV developed by SHRP is used to estimate the physical and chemical properties of an asphalt 
binder after 5 to 10 years in the field AASHTO (2008). Once aging occurs, sample are then 
tested on the dynamic shear rheometer (DSR) apparatus and/or bending beam rheometer (BBR) 
apparatus depending on the desired properties.  
2.8.2 Superpave Binder tests 
 
Retrieving the desired asphalt properties requires the use of the DSR and applying rotational 
shear forces on the test sample. A sample is pressed between two heated plates and the 
oscillating force is applied by the lower plate at 10 rad/sec. In terms of size of the plates, it’s a 
relation to the age of the sample, 25 mm for unaged original and RTFO asphalt samples and 8 
mm for PAV samples. Strain values for unaged, RTFO, and PAV samples are 10%, 12%, and 
1%, respectively. The DSR testing procedure is software operated and only requires initial input 
data and sample preparation by the operator AASHTO (2008).   
Once aged, the DSR procedure is applied to obtain the complex shear modulus (G*) and phase 
angle (δ) at high and intermediate service temperatures. The complex modulus encompasses two 
components: storage modulus or elastic portion (G′ = G*/sin δ) which represents rutting 
performance and loss modulus or viscous portion ((G′′ = G* sin δ) which represents fatigue 
performance. In accordance to PG specification, the storage modulus should be greater than or 
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equal to 1 kPa and 2.2 kPa for original and RTFO asphalt binder, respectively. The fatigue 
parameter limits the loss modulus to a maximum of 5000 kPa for PAV aged binders Pavement 
Interactive (2011). These parameters represent asphalt binder resistance to shear deformation in 
the linear viscoelastic region.  
2.9 Blending of RAP binder and virgin binder  
 
Determining the RAP and virgin binder properties is integral for producers to determining the 
allowable amount of RAP in mixes Al Qadi and Carpenter (2009) McDaniel and Anderson 
(2001). To quantify the blending tendencies between RAP and virgin binder, blending charts 
became a critical research topic and aimed to predict the allowable percentage of RAP, required 
virgin asphalt content, and expected grade of blended asphalt binder.   
In studying the degree of blending that occurs between RAP and virgin binder, it is 
important to note the three blending cases that either occurs theoretically or in actuality. Black 
rock effect (BR), total blending (TB), and partial blending (PB) are compared. Black rock (BR) 
effect represents the case in which RAP is only an aggregate and does not contribute to total 
asphalt binder content. Total blending is the case assumed by most agencies and assumes 100% 
mobilization of the RAP binder present in RAP. Partial blending represents the actual blending 
case which falls in the range between 0% and 100% blending. Black rock effect and total 
blending represent the theoretical blending cases while the partial blending represents actual field 
blending. In assuming total blending for field application, under asphalting has proven  to lead to 
premature cracking in pavements containing RAP. The same can occur in assuming the black 
rock effect in that an asphalt mixture will be over asphalted leading to decreased rutting 
performance. Therefore, an ideal degree of blending is necessary to find a balance between the 
two theoretical blending cases.  
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Huang (2005) performed a study in order to quantify blending between RAP and virgin 
aggregate without any virgin binder. The purpose of dry mixing was to determine the amount of 
RAP binder transfer from RAP aggregate to virgin aggregate. In this study virgin aggregates 
were sieved greater than No.4 size while RAP particles were sieved to be below the  No.4 sieve. 
This distinction made separating the RAP and virgin aggregate an easy process. RAP proportions 
varied from 10%-30% and mixtures were blended for three minutes at 190°C. The asphalt binder 
content of the RAP reduced from 6.8% to 6.0% (11% difference) which can be attributed to the 
losses due to mixing process. The results indicate that RAP binder tends to stay with the RAP 
aggregate and that little RAP binder is mobilized in Huang (2005)  
In addition to the dry mix study, Huang (2005) also performed a study using 20% RAP, virgin 
aggregate, and asphalt binder. The RAP consisted of only fine particles and was separated 
accordingly. In order to determine the amount of virgin asphalt binder that blends with binder 
that coats RAP aggregate a staged extraction was carried out. Figure 2.11 shows a flow chart of 
the staging that was carried out.  
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Figure 2.7 Staged Extraction- Recovery (Haung 2005) 
 
First, the mixture was soaked in TCE solution for 3 minutes and the solution was decanted. The 
asphalt and TCE solution was considered the 1
st
/outermost layer of the RAP particles. The same 
mixture was soaked in TCE again for 3 minutes to obtain the 2
nd
 layer of the RAP particles and 
ending at a total of four batches of solution representing four different layers. The three minute 
time interval was a result of trial and error and attempting to produce the similar amounts of 
binder from each batch. In addition to the fine RAP washes, the coarse aggregate was also 
washed to determine the amount of RAP binder present with virgin binder [1]Huang (2005).  
The Abson recovery method mentioned previously was employed followed by testing of the 
rheological properties of the binders recovered from the RAP particles. Asphalt viscosity tended 
to increase from outside to inside or from virgin binder to RAP binder. In addition to this 
tendency, it was observed that about 60% of the total thickness had asphalt properties similar to 
RAP binder whereas the outside 40% of the aggregate was similar to virgin binder properties 
Huang (2005).  
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Al Qadi (2009) studied the blending tendencies between RAP and virgin binder through the 
study of the complex modulus of two different RAP contents (20% and 40%) from two different 
sources. Mixes were prepared simulating BR effect, TB effect, 50% blending, and HMA RAP 
mixes and were then compared. The AP samples containing a RAP binder content of 20% 
showed no varying difference in complex modulus between the blending cases, whereas the 40% 
RAP content exhibited a higher complex modulus in the HMA RAP mixture when compared to 
the BR, TB, and 50% blending cases McDaniel and Anderson (2001)[41]. The results go in 
conjunction with McDaniel and Anderson (2001) who concluded that lower RAP contents (10%) 
were statistically similar in all cases. Higher complex moduli were observed in the HMA RAP or 
actual practice mixture AP samples. This was attributed to selective absorption of lighter 
fractions in the aggregate surface over time or change in gradation caused by partial blending. 
The change in gradation is a result of either release of fine aggregate in RAP binder or formation 
of a mastic layer McDaniel and Anderson (2001).  
In addition to the previously mentioned study, Al Qadi (2009) also performed a binder 
content study on mixtures containing 0%, 20%, and 40% RAP. In all three cases, the gradation 
was kept controlled. The superpave mix design of the three mixes also had the same binder 
contents (table 2.8). The surface areas of the aggregates for all three mixes were similar most 
likely due to the fact they had similar gradations. Due to similar surface area and binder contents, 
it was concluded that 100% of RAP binder is mobilized in all three cases Al Qadi and Carpenter 
(2009).  
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Table 2.3  Summary of JMF for Specimens Sets Al Qadi and Carpenter (2009) 
 
 
Delving deeper into the interaction between RAP and virgin binder is a study carried out Bennert 
(2010). An analytical procedure was developed using back calculation along with analytical 
methods used by Bonaquist (2005) and Rowe (2009) to determine the effective asphalt properties 
of HMA RAP mixtures Bonaquist (2005) Rowe (2009). The theory behind this methodology is 
that if back calculated binder properties of RAP HMA differ from their extraction and recovery 
counterpart than a degree of blending less than 100% is anticipated. Results show that degree of 
blending for 15% and 20% RAP contents were not as precise as 25% RAP contents (Figure 
2.13). In addition to blending, the back calculation method can be used to determine pavement 
performance for varying RAP contents using MEPDG (Mechanistic Empirical Pavement Design 
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Guide) and comparing degree of blending of RAP binder for different RAP contents Bennert and 
Dongre (2010).  
 
 
Figure 2.8 Evaluation Of Degree Of Blending Between RAP And Virgin Binder Bennert and 
Dongre (2010) 
 
2.10 Film thickness  
 
In studying the interaction between RAP and virgin binder and how it performs it is integral to 
determine film thicknesses around virgin and RAP aggregate. Kandhal et. al. (1998) 
recommends the assumption of 8 microns to ensure mixture durability. The theory of an assumed 
average asphalt film thickness assumes similar film thickness of a specific asphalt content and 
gradation rather than different film thickness for each aggregate size Kandhal (1998).  
The total surface area of an aggregate is a product summation of the percent passing and surface 
area factor for each sieve size. The following table provides the surface area factors for each size 
and was published in the Asphalt Institute Manual Series 2 (1993). Although some WMA 
technologies such as foaming increase the average film thickness of asphalt mixtures from about 
8 microns to about 160 microns, it is important to note that film thickness do return to normal 
after water is released Asphalt Institute (1993).   
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Table 2.4  Surface Area factor given in Asphalt Institute Manual Series Asphalt Institute (1993) 
Sieve Size, 
(mm) 
Surface 
Area Factor 
(m
2
/kg) 
37.5 - 
25 0.41 
19 - 
12.5 - 
9.5 - 
4.75 0.41 
2.36 0.82 
1.18 1.64 
0.6 2.87 
0.3 6.14 
0.15 12.29 
0.075 32.77 
Average asphalt film thickness of HMA is calculated using following formulae: 
                                                     
  
(      )
       (2.2) 
 
                             
                                                   
(                                                   )
        (2.3) 
 
Where: 
 Weight of effective asphalt binder around the aggregate = calculated in kg/kg of 
aggregates. 
 AC = asphalt content determined by extraction recovery method AASTHO T319 
(AASTHO T319) and expressed in percentage (%). 
 Specific gravity of asphalt = assumed as 1.02. 
 Total surface area = determined by Bailey’s method (Asphalt Institute (1993) 
Kandhal (1998)[4] Sengoz et al. (2007)), it is sum of product of surface area 
factor and gradation (percent passing) of extracted aggregates and expressed in 
m
2
/kg. 
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2.11 Summary  
 
Chapter 2 has presented a detailed literature review to provide a better understanding of the 
advantages of using RAP in conjunction with WMA technologies and the properties, testing 
methods, specifications, and major research involved with RAP and WMA.  
RAP usage in HMA production is a cost effective and environmentally friendly means of 
recycling pavement without hindering pavement performance. Research shows that there is no 
reason the same would not apply to RAP in WMA production which would further increase eco 
friendliness of paving practices. The use of WMA technologies has proven to have a plethora of 
benefits with minimal effects on performance when compared to conventional HMA. WMA 
represents a new direction to take the industry since most agencies have set limits on RAP usage.  
Although restricted in usage, RAP usage still shows variability due to varying plant practices 
which are still not specified by some agencies. In order to produce a more uniform RAP product 
for either HMA or WMA usage, fractionation of RAP aggregate into coarse and fine parts is 
highly recommended.  
Research has not been able to conclude the amount of blending that occurs between RAP and 
virgin binder. This has not stopped agencies from assuming 100% RAP binder mobilization. 
Quantifying the blending that occurs in WMA RAP mixtures will promote both technologies and 
provide better performance for pavements incorporating them.  
The following chapter discusses detail experiment program and materials used in the study.  
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Chapter 3 
Materials and Experimental Methods 
 
3.1 Introduction 
 
The primary concern most plants and manufacturers have with WMA technologies is the 
possible costly additions and modifications required to retrofit a conventional asphalt plant into a 
WMA plant. In addition to modification, plants are hesitant to convert to WMA due to the 
relatively new technology which is only in the preliminary stages of specification. Field trials of 
WMA pavements are also relatively young in the U.S. which also leads plants to believe that 
field performance might be below conventional pavement performance. Although most agencies 
approve the 100% blending theory between RAP and virgin binder, the same has not been agreed 
upon yet for RAP and WMA virgin binders. A premature assumption of full blending in WMA 
RAP may lead to an under asphalted mixtures which will lead to early pavement failure.  
Developing a methodology to quantify the blending between WMA and RAP is critical to 
correctly determine virgin binder contents, RAP contents, and expected final binder grades. The 
following section gives the material and experimental methods for this study. 
3.2 Determination of degree of partial blending 
 
In order to quantify the degree of blending between RAP and virgin binder, two essential tasks 
must be performed: determining an estimate degree of blending and calculating a degree of 
blending of a single sample. The resulting calculation will either fall in our out of the prescribed 
±15% range at which point the degree of blending has been determined or a reiteration is 
necessary.  
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In order to encompass various combinations of plant conditions as well different WMA 
technologies, a series of specimens were mixed and prepared.  The testing matrix is presented in 
Table 3.1. Two WMA binders were used, two different conditioning times, two different mixing 
times, and two different mixing temperatures totaling 24 combinations of possible plant mixing 
conditions. The two represents the number of extraction and recovery procedures required per 
combinations.  An extraction and recovery is required for the separated coarse and fine 
aggregate. 
Table 3.1 Blending Study Testing Matrix 
24 Total 
Combinations 
  Number of  Extraction & Recoveries 
WMA Type Evotherm® Sasobit® Control 
 
Mixing 
Temperature 
Conditioning 
Time 2 
Hours 
3 
Hours 
2 
Hours 
3 
Hours 
2 
Hours 
3 
Hours 
Mixing Time 
260°F (126.7°C) 
1 Minute 2 2 2 2 2 2 
5 Minute 2 2 2 2 2 2 
315°F (157.2°C) 
1 Minute 2 2 2 2 2 2 
5 Minute 2 2 2 2 2 2 
 
An approved job mix formula RAP mixture is shown in figure 3.1 along with the numerical 
gradation in table 3.2 has been modified to conduct the study.  RAP and virgin aggregates are 
obtained from Kingston Materials. The job mix formula calls for a 5% binder content which was 
modified in accordance to the amount of credit the RAP was given.  
The ignition oven method (AASHTO T-308) was the test procedure used to obtain the fine RAP 
binder content which was 8.27%.  Following the ignition oven, the RAP was extracted and 
recovered using AASHTO T-164 and ASTM 5404, respectively. A final RAP binder content of 
6.8% was determined. 
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Figure 3.1 JMF Gradation Used for Blending Study 
 
 
Table 3.2 RAP Mixture JMF 
Sieve Size RAP #8 #67 
1 - 1/2 100.0% 100.0% 100.0% 
1 100.0% 100.0% 100.0% 
3/4 100.0% 100.0% 100.0% 
1/2 100.0% 100.0% 78.5% 
3/8 100.0% 89.3% 40.1% 
#4 100.0% 2.1% 1.49% 
#8 100.0% 0.1% 0.05% 
#16 77.9% 0.1% 0.04% 
#30 58.3% 0.1% 0.04% 
#50 38.1% 0.1% 0.04% 
#100 18.7% 0.1% 0.04% 
#200 9.9% 0.1% 0.03% 
Pan 0.3% 0.1% 0.02% 
  24.6% 63.6% 11.8% 
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3.3  Polymer Degradation Study through GPC 
 
The polymer degradation testing regimen is presented in Table 3.2. A uniform set of the three 
binders were created using the rolling thin film oven (RTFO) procedure AASHTO T-240. The 
three binders were tested at three of the following aging conditions: Original binder with no 
aging; RTFO aging at 133°C to simulate short term aging at warm mix plant conditions; and 
RTFO aging at 163°C to simulate short term aging at hot mix plant conditions. The time in the 
RTFO was controlled at 1 hour and 25 minutes in accordance to specification. The number 
average molecular weight (Mn) and molecular weight (Mw) were measured from the gel 
permeation chromatography test.   
 
Table 3.3 Testing Matrix for Polymer Degradation Study 
Evotherm® Polymer Peak Binder Peak 
Mn Mw Mn Mw 
Original 2 2 2 2 
RTFO at 
133°C 
2 2 2 2 
RTFO at 
163°C 
2 2 2 2 
Sasobit® 
Polymer Peak Binder Peak 
Mn Mw Mn Mw 
Original 2 2 2 2 
RTFO at 
133°C 
2 2 2 2 
RTFO at 
163°C 
2 2 2 2 
Control 
Polymer Peak Binder Peak 
Mn Mw Mn Mw 
Original 2 2 2 2 
RTFO at 
133°C 
2 2 2 2 
RTFO at 
163°C 
2 2 2 2 
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3.4 Summary 
 
The above chapter describes the detailed experimental program used to determine the degree of 
partial blending and polymer degradation.  The following chapters will discuss the detailed 
procedure and results of the blending study and polymer degradation study of WMA 
technologies. 
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Chapter 4 
The Blending Study 
 
4.1 Introduction 
 
In order to approximate degree of partial blending in a mixture it was critical to maintain the 
varying components (temperature, mixing time, and conditioning time) as controlled as possible. 
In terms of the procedure used, Huang et al., (2005) and Shirodkar et al. (2010) developed 
procedures that used the concept of a modified gradation and separation of virgin and RAP 
aggregates after the mixture. The process developed by Shirodkar et al. (2010) which is based on 
Huang (2005) procedure was applied to the WMA RAP study with some modification.  
The fundamental binder property of G*/sin (δ) is the parameter that will be determined as is the 
case in the HMA RAP procedure. Although studies have shown that WMA modification changes 
binder grades, the binder grade change is not significant enough to warrant an increase or 
decrease in binder grade. The blending study was carried out on a 25% RAP mixture following 
the testing matrix presented in table 3.1 in chapter 3.  
4.2 Significance of Study 
 
As previously mentioned, this study has the potential in helping agencies and plants in 
determining the amount of RAP binder credit in WMA RAP mixtures and as a result reducing 
the possibility of over or under asphalting mixes. As a result of optimal RAP accreditation in 
WMA mixtures, benefits such as cost savings and reduced carbon footprints can be enjoyed 
without the negatives such as premature pavement failure.  
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4.3 Experimental Methods 
4.3.1 Materials 
 
For this study, three different binders were evaluated for degree of blending. Two of the binders 
were modified with WMA technologies Evotherm® and Sasobit®. The third was left unmodified 
to act as a control specimen. The base binder for all three binders was a PG 76-28 binder grade.  
 
4.3.2 Mixing & Conditioning Procedure 
 
A full superpave mix design was provided by the material provider from which an optimum 
binder content of 5% was also provided. Due the 100% blending assumption, the RAP and virgin 
binder proportions had to be modified slightly to simulate lower degrees of blending. An initial 
approximation for degree of blending is required for the methodology. Shirodkar et al (2010) 
suggested that 50% degree of blending was an adequate starting point but for this study a 70% 
degree of blending was considered adequate to reduce the number of iterations required.  
The materials mentioned were then prepared into 5000g batches consisting of two aggregate 
bins, RAP, and virgin binder. The proportions used are shown in table 4.1  
 
Table 4.1 Batch Weights and Percentages for 60%, 70%, and 80% Degree of Blending 
Material 
25% RAP 
by weight 
Of 
aggregates 
(%) 
60% DOB 
25% RAP 
by weight 
of 
aggregates 
(grams) 
60% DOB 
25% RAP 
by weight 
Of 
aggregates 
(%) 
70% DOB 
25% RAP 
by weight 
of 
aggregates 
(grams) 
70% DOB 
25% RAP 
by weight 
Of 
aggregates 
(%) 
80% DOB 
25% RAP 
by weight 
of 
aggregates 
(grams) 
80% DOB 
Aggregate 
Bin No. 8 
60.1% 3006.1 60.2% 3022.9 60.2% 3011.9 
Aggregate 
Bin No. 67 
10.9% 544.8 11% 560.3 11.1% 556.3 
Total RAP  24% 1199.1 23.8% 1190.6 23.6% 1182.1 
Virgin 
binder 
4% 199.1 3.81% 190.59 3.64% 182.1 
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RAP 
Binder 
1% 50.9 1.18% 59.44 1.4% 67.9 
Total batch 
weight 
100% 4949.1 100% 4964.4 100% 4932.4 
Total 
binder 
5.0% 250 5.0% 250.0 5.0% 250.0 
 
Following the calculation of mixture batches, mixtures were carried out using an 
asphalt/concrete bucket mixture (H-1691) manufactured by Humboldt Inc. The bucket mixer was 
used in response to a study performed by West et. al. (2010).  A mixture study was performed 
considering the effect binder, temperature, and mixer on coating of the aggregate. Coating was 
quantified using the Ross count method with temperatures ranging from 248°F to 356°F. Results 
showed that although the bucket mixer had a lower mixing speed, it resulted in more efficient 
coating of aggregate due to the tumbling action which more accurately simulated plant 
conditions ASTM (2004). 
A detailed image is provided in figure 4.1 to represent the interaction between RAP aggregate, 
virgin aggregate, and virgin binder. Following the allotted mixing times of either 1 or 5 minutes, 
the mixtures are placed in an oven for the allotted 2 or 3 hour conditioning times. Mixtures were 
manually turned over every 30 minutes in accordance to the AASHTO short term conditioning 
specification. Once the 2 hour mark is reached, half of the mixture (2500 grams) is removed 
while the remaining half is inserted back into the oven to complete 3 hour conditioning.  
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Figure 4.1 Interaction Between RAP aggregate, virgin aggregate, and virgin binder. 
4.3.3 Separation Procedure 
 
Following the mixing and conditioning of samples, separation of fine and coarse asphalt samples 
is necessary to accurately determine the G*sin/(δ). Separation commenced with the sieving the 
2500 gram samples through a No. 8 sieve and collecting all the material that passed. Because of 
the gap gradation presented in figure 3.1 it can be assumed that material that passes through is 
indeed coated RAP aggregate. Typical samples sizes of sieved fine RAP aggregate range from 
70 to 90 grams which provides enough binder after extraction and recovery for DSR testing.  
Following the collection of fine RAP samples, the separation of fine RAP material that adhered 
to the virgin coarse during mixing and conditioning is required. Due to the difficulty of 
separation at room temperatures, separation occurred after the coarse aggregate was placed in an 
oven at 110°C for 10 minutes which was followed by hand separation using rubber coated gloves 
(Atlas Therma Fit). The required samples sizes for sufficient binder after extraction and recovery 
of virgin coarse material is around 480 grams and the average loss after the removal of adhered 
fine RAP particles is 9.7% loss by weight.  
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4.2.3 Extraction and Recovery 
 
Following the process of separating individual samples into fine and coarse samples, an 
extraction and recovery procedure was performed in order to obtain asphalt binder for 
rheological testing. The centrifuge extraction and roto-evaporator (AASHTO T164 and ASTM 
D1856, respectively) procedures presented in chapter 2 were deemed the most reliable and time 
efficient which led to their selection.    
4.3.3 Binder Properties 
 
Once sufficient asphalt binder was obtained from each of the fine and coarse samples, the binder 
property RTFO G*/sin (δ) was determined at a testing temperature of 76C. This temperature 
was chosen since all 3 binders contained a base binder with a performance grade of a PG 76-28. 
It is important to note that as long as the temperature selection is constant throughout testing, it 
will not affect the degree of blending calculation.  
The G*/sin (δ) binder parameter contains two components: complex shear modulus (G*) and the 
phase angle (δ). The complex shear modulus has been proven to measure the total resistance to 
repeated deformation while the phase angle measures the lag that occurs between the applied 
shear stress and the resulting shear strain. Phase angle ranges from 0° or purely elastic to 90° or 
purely viscous. The specified oscillation rate for obtaining these parameters is 10 radians per 
second (1.59 hertz) which simulates the stress of traffic levels at 55 mi./hour (90 km/hour). The 
complex shear modulus and the phase angle come together to form the complex shear modulus 
elastic portion (G*/sin (δ)). Typically higher G* values will lead to stiffer binders and lower 
phase angles lead to greater elastic portions of G*. In binder testing, original binders and RTFO 
binders undergo testing for the G*/sin (δ) parameter to measure rutting resistance while PAV 
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binders undergo testing for the G*sin (δ) since it the complex modulus viscous portion is a 
measure of fatigue cracking AASHTO (2008). 
Although any asphalt property can be used in place of the RTFO G*/sin (δ) binder property, the 
reasons for this particular parameter are as follow: the amount of binder required for a RTFO 
sample can be obtained with one single extraction and recovery and the binder properties at high 
temperatures are generally more sensitive to blending than low temperature test results Kandhal 
(1998)[10].   
In this chapter, the fine and coarse asphalt binder components have been described. These 
components account for only half of the components that create the degree of blending ratio 
shown below: 
 
                
      (δ)                        
     (δ)                  
      (δ)               
      (δ)                         
 (4.1)         
 
The fine and coarse asphalt binder properties are found in the numerator of the blending ratio 
equation. Due to the fact that a simple difference calculation is a not sufficient for proper 
application, the difference between fine and coarse properties is measured against the maximum 
difference that can occur within the same mix.  
The first parameter in the denominator is       (δ)             , which represents binder 
property of the binder that would be recovered from virgin aggregate given a zero blending 
condition in which the RAP binder does not affect the virgin binder property. This parameter is 
achieved by performing a RTFO (AASHTO T 240) short term aging procedure on the original 
WMA binder at the designated HMA and WMA temperatures.  
The second parameter is the        (δ)                          which represents the RAP 
aggregate in the zero blend condition. In order to get an accurate binder property for this 
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parameter, the theoretical film thickness around the RAP aggregate after mixing. RAP aggregate 
in a zero blending condition would theoretically have a layer of RAP binder that no mobilized 
followed by a layer of virgin binder. Due to the fact that the extraction and recovery procedure 
cannot simply obtain each layer of binder, a proportion of RAP and virgin binder is necessary 
that can simulate a blended binder. The two binder layers will require the calculation of two film 
thicknesses around the RAP aggregate. The film thicknesses of the RAP and virgin binder layers 
will act as the appropriate proportion. The film thickness of RAP binder is calculated by Bailey’s 
method using the method given in chapter 2 section 10.  The determination of the surface area 
used for this study is provided in table 4.2. 
Table 4.2  Surface Area Using Bailey’s Method 
Sieve 
Size 
Size (mm) 
Percent 
Passing 
Surface Area Factor 
(m2/kg) 
Surface Area Per 
Mass (m2/kg) 
3/4" 19.00 100.00 0.41   
1/2" 12.50 94.00 0.41 0.39 
3/8" 9.50 86.20 0.41 0.35 
No. 4 4.75 51.50 0.41 0.21 
No. 8 2.36 99.98 0.82 0.82 
No. 16 1.18 77.93 1.64 1.28 
No. 30 0.60 58.26 2.87 1.67 
No. 50 0.30 38.09 6.14 2.34 
No. 100 0.15 18.68 12.29 2.30 
No. 200 0.08 9.85 32.77 3.23 
  TOTAL 12.58 
 
Surface area per mass used to calculate the film thickness around the RAP and virgin aggregate 
was determined to be 12.58 m
2
/kg. Using this figure, the film thickness of virgin and RAP 
aggregate were determined through the following series of calculations:  
                                    (  )   
              (  )
                 (
  
  
)
                     (4.2) 
             (  )                      (
  
  
)  
                    ( )
     (
 
  
)
      (4.3) 
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                      (  )
             (  )
                               (4.4) 
Following these calculations, a film thickness of 3 microns around the virgin aggregate and 4 
microns around the RAP aggregate was determined. These thicknesses produce a ratio of 3:4 
virgin to RAP binder. The sample is then prepared in accordance to the ratio followed by aging 
in the rolling thin film oven.  The        (δ) propety of this aged and blended asphalt sample is 
used in the blending ratio equation 4.1.  
4.4 Methodology 
 
The methodology of the blending study to determine the degree of partial blending is 
summarized as follows:  
1. Determine the binder content of the RAP and the gradation of the extracted aggregates. 
2. Determine the Superpave PG properties (from AASHTO T315) of the RAP binder and 
the virgin binder.  
3. Create a Superpave gradation for a given percentage of RAP (i.e. 25%), such that all the 
fine aggregates (minus #8 to 2.36 mm) are RAP and all coarse aggregates (greater than # 
4 to 4.75 mm) are virgin aggregates. The Superpave gradation created in the lab will be 
similar to the JMF gradation for a given percentage of RAP. This gap gradation was 
created in order for the manual separation of virgin and RAP aggregates to be possible. 
4. Consider design binder content from the JMF for the study. If the design binder content is 
not known, determine the design binder content (DBC) based on the Superpave mixture 
design. 
5. Assume an initial degree of blending in the range of 0% to 100%. 
6. Create the mixture at the virgin binder content (VBC) determined from Equation 2 
below:  
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Binder Content (virgin) = JMF Binder Content (Design) –RAP(Estimated Working Binder)   (2) 
7. Separate the coated virgin and RAP aggregates after mixing by slight heating at 110°C 
and manually separating into above #4 and below #8 sieves. 
8. Extract and recover the binder separately from the coarse virgin aggregates (plus #4) and 
fine RAP aggregates (minus #8). 
9. Determine the Superpave PG properties (from AASHTO T315) of the blended binder on 
the RAP and the virgin aggregates. 
10. Determine the proportion of the virgin binder that would coat the RAP and the virgin 
aggregates under zero blending condition by estimating the surface area of the aggregates 
at each sieve size using Bailey’s method. 
11. Blend the RAP binder with the proportion of the virgin binder determined from step 10 
above. Determine the Superpave PG properties (from AASHTO T315), such as G* / sin 
(δ) . 
12. Calculate the degree of partial blending from Equation 3: 
                           ( )     |                |           (4.5)                          
                   Where: 
(G*/sin(δ))blend binder 
virgin aggregate 
- RTFO G*/sin (δ) of blended binder 
coating the virgin aggregates 
(determined from step 9) 
(G*/sin(δ))blend binder RAP 
aggregate 
- RTFO G*/sin (δ) of blended binder 
coating the RAP (determined from 
step 9) 
(G*/sin(δ)) virgin binder - RTFO G*/sin (δ) of the virgin 
binder (determined from step 2) 
(G*/sin(δ))RAP virgin 
binder zero blend 
- RTFO G*/sin (δ) of the RAP and 
virgin binder that is coating the RAP 
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aggregate assuming 0% blending 
(determined from step 11) 
 
13. Iteration - If the degree of partial blending (determined from Step 12) is similar (within 
±15%) to the calculated value in Step 5, then the degree of partial blending has been 
determined. It was concluded that 15% was the attainable range considering higher 
margins for error. However, if considerable difference exists between the two, the 
process will be repeated with the revised value of the RAP working binder that is 
obtained from Step 11 and the steps will be repeated from Step 5 onwards. 
 
4.5 Results  
 
In performing the degree of blending study G*/Sin(δ) parameter of extracted binder were 
collected in order to calculate the degree of blending.  Before comparing degree of blending 
calculations, a summary of differences between fine and coarse binder was developed. 
Theoretically, 100% blending would indicate that a small if any difference would occur between 
fine and coarse aggregate binders. Figures 4.2, 4.3, and 4.4 show the values of the binders 
extracted from the study.  
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Figure 4.2 G*/Sin(δ) of Extracted Binder Around Fine and Coarse Samples in Evotherm® 
Mixtures 
 
 
Figure 4.3 G*/Sin(δ) of Extracted Binder Around Fine and Coarse Samples in Sasobit® 
Mixtures 
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Figure 4.4 G*/Sin(δ) of Extracted Binder Around Fine and Coarse Samples in Control 
Binder Mixtures 
 
 
As mentioned earlier, the greater the difference between the properties of extracted binder 
around coarse and fine sample, the lower is the degree of blending.  The observed in all three 
binders is presented in figure 4.5.The average differences between mixing conditions show that 
Evotherm® displays a higher differences when compared to the Sasobit® and control, which are 
similar in most regards.  A preliminary observation of the differences would indicate that 
Sasobit® and control binders would produce higher degrees of blending when compared to 
Evotherm®.  
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Figure 4.5 Differences Between G*/Sin(δ) of Extracted Binder Around Fine and Coarse 
Samples 
 
The results of the degree of blending calculations are presented in table 4.3. The estimated 
degree of blending, required in step 5, in addition to the calculated degree of blending is 
presented. Correct iterations were determined to be calculated degrees of blending that were in a 
range of ±15% of the estimated degree of blending. 
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Table 4.3 Summary Data Matrix of Degree of Blending Study 
Evotherm ® 
2 Hours 3 Hours 
Calculated Calculated 
260°F 
(126.7°C) 
1 Minute 75 89 
5 Minute 79 85 
315°F 
(157.2°C) 
1 Minute 72 85 
5 Minute 77 76 
Sasobit ® 
2 Hours 3 Hours 
Calculated Calculated 
260°F 
(126.7°C) 
1 Minute 90 81 
5 Minute 75 83 
315°F 
(157.2°C) 
1 Minute 80 85 
5 Minute 82 85 
PG 76-22 (Control) 
2 Hours 3 Hours 
Calculated Calculated 
260°F 
(126.7°C) 
1 Minute 67 69 
5 Minute 72 76 
315°F 
(157.2°C) 
1 Minute 59 73 
5 Minute 53 67 
 
 
A tabulation of the G*/Sin(δ) of the coarse and fine aggregate along with the denominator 
parameters used to calculate the degree of blending in each case are presented in appendix A.  
4.6 Discussion 
 
The results shown in figure 4.2, 4.3, and 4.4 validate the assumption that full blending does not 
occur in mixtures and that in actuality partial blending is the correct blending condition. After 
comparison between fine and coarse sample stiffness it was determined that the control binder  
showed an average difference between fine and coarse G*/Sin(δ) of 45%. Sasobit® followed the 
control in average difference at 45%. Evotherm® displayed the largest average difference 
between fine and coarse G*/Sin(δ) at 56%.  
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No considerable trend was observed when comparing the differences of 2 and 3 hour 
conditioning times or 1 and 5 minutes mixing times at all testing temperatures and binder types.  
The differences presented in figure 4.5 showed a dramatic increase of 111% when mixing and 
conditioning temperature increased from WMA to HMA temperatures in all three binder types. 
The average increase in differences was 85%, 96, & 151% for Evotherm®, Sasobit®, & control, 
respectively. This can likely be attributed to increased temperature having a stronger stiffening 
effect on RAP binder. Extracted RAP binders increased in stiffness by 65% while coarse 
extracted binders increased only by 14%.   
The results of the degree of blending study show that WMA technology is a beneficial asphalt 
production technology in regards to promoting blending tendencies between asphalt binder and 
RAP binder. Both Evotherm® and Sasobit® technologies outperformed their control 
counterparts in regards of blending in every combination except the 1 minute mixture, 3 hour 
condition, and HMA temperature combination for both binders. The average of all degrees of 
blending for Evotherm® and Sasobit® were 80% and 83%, respectively, which is significantly 
higher than the 67% average produced by the control binder.  
Conditioning time displayed an overall increase in degree of blending of 8%. The minimal 
difference between 2 and 3 hour conditioning times likely had indistinguishable property 
changes among 2 and 3 hour samples.  
Mixing temperature showed a decrease of 5%  in degree of blending when conditioning time was 
increased from WMA temperatures to HMA temperatures. This might be attributed to a 
breakdown in WMA additives at HMA conditions which could exceed design temperatures or 
recommended temperatures.  
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Mixing time contributed to an overall decrease in degree of blending of 2%. This is likely due to 
the 5 minute mixing time exceeding typical plant mixing times of 2 or 3 minutes. The increased 
time likely caused minimal binder transfer and might have caused RAP aggregate to RAP 
aggregate exchange as witnessed by Shirodkar et al (2009).  
In analyzing the same raw data in two different methods (differences and degree of blending), 
two different results arose.  While Sasobit® and the control binder performed better in regards to 
differences between fine and coarse extracted binder, Evotherm® and Sasobit® perform better in 
terms of the degree of blending methodology which also uses fine and coarse extracted binder 
but also incorporates a zero blending factor. The degree of blending analysis divides the 
differences among fine and coarse extracted binders by the differences among fine and coarse 
extracted binders which are simulated in a laboratory setting since zero blending cannot be 
mixed appropriately.   
The reasons for different end results may be the normalizing effect of the zero blending 
denominator and the further amplification of the effects from WMA binders in the same zero 
blending denominator.  
Unlike binder type, conditioning and mixing time had slight increases in degree of blending 
while mixing temperature had a slight decrease in blending. The 1
st
 and 3
rd
 quartiles of the 
degree of blending data was calculated and presented in table 4.4.  
Table 4.4 1
st
 & 3
rd
 Quartile of Degree of Blending Data 
 
Evotherm® Sasobit® Control PG 76-22 Overall 
1st Quartile 76 81 65 72 
3rd Quartile 85 85 72 83 
 
The calculated quartiles of the degree of blending study suggest that a majority of the data for 
WMA modified binders fall in the range of 75% to 85% while conventional HMA binders fall in 
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the range of 65% to 75%. This would make typical state assumptions of 100% degree of 
blending more suitable for WMA modified binders than HMA binders.  
4.7 Limitations 
 
The limitations of the procedure: 
a) The process requires at least three extractions and recovery of the binder; these include 
the RAP before the coating experiment, the virgin aggregates and the RAP after the 
coating experiment. 
b) Due to the adherence between aggregate and asphalt, the separation of fine and coarse 
aggregate requires further heating which may affect aging conditions of samples.  
There are a number of procedures involved in producing a single degree of blending 
result which increases the margin for error substantially.  
 
4.8 Summary of Findings  
a) Figures 4.2 through 4.5 validate partial blending in all 24 plant mixing conditions tested 
in this study. The fine and coarse G*/Sin(δ) values in figures 4.2, 4.3, and 4.4 average 
51%, 48%, and 45% in difference for Evotherm®, Sasobit®, and control binders.  
 
b) The degree of blending increased by an average of 19% when Evotherm® was 
introduced, and 23% when Sasobit® when compared to the control binder.  
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c) WMA technology averaged higher degrees of blending than the control counterparts. 
Evotherm® and Sasobit® averaged degrees of blending of 80% and 83%, respectively, 
while the control averaged 67%. 
d) Conditioning time displayed an overall increase in degree of blending of 8% when 
conditioning time was increased from 2 hours to 3 hours.  
e) Mixing temperature showed a decrease of 5% in degree of blending when conditioning 
time was increased from WMA temperatures to HMA temperatures.  
f) Mixing time contributed to an overall decrease in degree of blending of 2% when mixing 
time was increased from 1 minute to 5 minutes. 
g) The quartile calculations in table 4.4 suggest that degrees of blending fell in the range of 
75% to 85% in WMA modified mixtures and 65% to 75% in the control mixture.  
 
4.9 Conclusions 
 
a) Full blending does not occur in any laboratory mixing condition and will likely not occur 
in field mixing conditions.  
b) Evotherm® and Sasobit® increase degree of blending at both HMA and WMA mixing 
temperatures when compared to the control. WMA modification display superior 
blending in most of the 24 cases considered in this study.  
c) Sasobit® increases the degree of blending more than Evotherm®.  
d) Increased conditioning time yields and increased degree of blending.  
e) Increased mixing time and mixing temperature yields decreases in degree of blending. 
f) An increased mixing temperature yields a decrease in degree of blending time. 
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Chapter 5 
Polymer Degradation Study 
5.1 Introduction 
 
In conventional asphalt pavements or hot mix asphalt polymer modification it is necessary to 
meet traffic and climate demands relative to local climate and traffic flow. The most widely used 
and researched polymer modifier in the state of New Jersey is styrene-butadiene-styrene (SBS). 
Studies on SBS polymer modified HMA binders have exhibited increased stiffening as a result of 
aging and oxidation Lu and Isacsson (2000) Lu and Isacsson (2008). The purpose of the polymer 
degradation study will be to determine if polymer degradation is significantly reduced as a result 
of WMA modification and lower production temperatures.  Currently, no studies have been 
found that focus on the polymer degradation of WMA binders or the chemical interactions that 
might occurs between polymers and WMA additives.  
5.2 Experiment method 
5.2.1 Materials 
 
In this study, three binders were evaluated; the base binder consisting of a SBS-modified PG76-
22 was modified with two WMA additives and an unmodified binder.   
Styrene-Butadiene-Styrene (SBS) is a block copolymer that is categorized as an elastomer, 
which exhibits higher strength at higher temperature but maintains ductility at low temperatures 
Hrdlicka et al. (2007).  Block polymers like SBS are formed by joining two or more chemically 
different monomer or oligomer blocks into a linear series.  The styrene blocks of SBS contribute 
to the strength associated with SBS while the butadiene block contributes to the rubbery and 
ductile matrix.  Typically SBS requires certain butadiene richness in order to properly strengthen 
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asphalt which ranges from 60-70% in butadiene content.  When aging is imparted on SBS, it is 
typically the butadiene block that is immediately oxidized and leads to chain separations and an 
asphalt that begins to behave more brittle. Mouillet et al. (2008) [49]Ruan et al. (2003).  The 
same WMA additives mentioned in the blending study chapter were used for this study and 
information on these additives can be found in chapter 4.  
5.2.2 Gel Permeation Chromatography 
 
Gel Permeation Chromatography (GPC) is used to determine the molecular weight distribution 
of all of the components of asphalt binders.  This study was conducted on the Hewlett Packard 
1100 Series High Performance Liquid Chromatography (HPLC) apparatus. The sample runs 
through a column capable of handling a wide range of molecular weights so that all asphalt 
components can be captured.  Since samples must be in the liquid phase for testing, asphalt is 
diluted in tetrahydrofuran (THF) before running through the test column.  THF was chosen based 
on the fact that its polar characteristics left the stronger and more apparent associations in tact 
when compared to other common asphalt solvents such as toluene SHRP (1993).  
The membrane has a certain pore size which only certain sized molecules can pass through.  
Therefore, the larger molecules that cannot pass through must go around the packing material.  
These move at a faster rate than the smaller molecules, and thus pass through first.  The smaller 
molecules must pass through the membrane pores and take longer to get through.  An example of 
this size exclusion is shown in Figure 5.1 which shows how the pore or filter of the apparatus 
retain smaller particles and increases their retention time while larger particles simply bypass the 
system and dramatically lower their retention time.  
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Figure 5.1 Example of Particle Size Exclusion 
 
Table 5.1 presents a list of input parameters that were imputed into the HPCL Agilent software. 
These parameters values represent the optimal values for analyzing asphalt that has been 
dissolved into solution.  
 
Table 5.1 Input Parameters Used for GPC Software 
Injection Volume 50 µL 
Flowrate 1 mL/min 
Temperature 25°C 
Stop Time 12 min 
Solvent THF 
Wavelength 254 nm 
 
To analyze the data, a diode array detector (DAD) is set to read at a wavelength of 254 nm.  The 
chromatogram gives peak readings for each molecular weight found within a sample.  Using a 
computer program these peaks are integrated and analyzed to obtain the molecular weight 
distribution. An example of the auto-integrated chromatogram is provided in Figure 5.2.  The 
parameters of interest are Mw and Mn, which are the molecular weights within the selected 
region.  An example of this method is presented in Figure 5.2.  
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Figure 5.2 Example of Particle Size Exclusion 
 
The two parameters measured (Mn and MW) do not require anything different procedurally but 
are simply different means of calculating the same values. Mn and  Mw calculations are shown 
below in equations 5.1 and 5.2, where Ni represents number of molecules and Mi represents 
molecular weight.  
 
    
∑      
∑    
                                                          (   ) 
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∑      
                                                        (   ) 
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Number average molecular weight (Mn) is determined by measuring the molecular weight of Ni 
polymer molecules, summing the weights,  and dividing by the number of polymer molecules.  
Weight average molecular weight (Mw) differs in that varying polymer sizes are accounted for 
within the calculation. Ni represents the number of molecules of particular molecular weight Mi.  
5.4 Results  
5.4.1 Polymer Distribution 
 
The average polymer peak molecular weights are provided in Figure 5.3and 5.4. The Evotherm® 
modified binder experienced a 16% and 13% drop in Mn and Mw, respectively, at 133°C RTFO.  
At a 163°C RTFO the polymer peaks fell further by 15% and 18%  in Mn and Mw, respectively. 
Overall, Evotherm® showed a 28% drop in both Mn and Mw when original and 163°C RTFO  
samples were compared.  
The Sasobit® modified binder experienced a 7% and 6% drop in Mn and Mw, respectively, at 
133°C RTFO.  At a 163°C RTFO the polymer peaks fell further by 9% in both Mn and Mw. 
Overall, Sasobit® showed a 15% drop in both Mn and Mw when original and 163°C RTFO  
samples were compared. 
The control showed an anomaly with increasing polymer peak molecular weight with 133°C 
RTFO aging. Polymer peak increased in this case by 12% and 9% in Mn and Mw, respectively, at 
133°C RTFO.. The 163°C RTFO samples produced an overall polymer peak drop of 12% and 
10% in Mn and Mw, respectively.  
In WMA binders, polymer peak molecular weights steadily fell from virgin condition, to RTFO 
condition at 133ºC, and then to RTFO at 163ºC.  However, the average polymer peak molecular 
weights of control binder increased from virgin condition to RTFO at 133ºC, and then decreased 
at RTFO condition at 163ºC, before returning to its original molecular weight.   
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Figure 5.3 Polymer Peak Mn at original, RTFO 133°C and RTFO 163°C  
 
 
Figure 5.4 Polymer Peak MW at original, RTFO 133°C and RTFO 163°C 
 
5.4.2 Binder Distribution 
 
The average binder molecular weights are presented in Figure 5.5 and 5.6. The binder peaks 
from the same molecular weight data exhibited a general increase in molecular weight although a 
0
50000
100000
150000
200000
250000
0.8% Evotherm® 1.5% Sasobit® Control (PG76-22)
Polymer Peak, Mn  
Original
RTFO @ 133°C
RTFO @ 163°C
0
50000
100000
150000
200000
250000
0.8% Evotherm® 1.5% Sasobit® Control (PG76-22)
Polymer Peak, MW 
Original
RTFO @ 133°C
RTFO @ 163°C
62 
 
higher degree of anomalies were apparent. Evotherm® had greatest sensitivity while Sasobit® 
exhibited the greatest anomaly.  
  
 
Figure 5.5 Binder Peak Mn at original, RTFO 133°C and RTFO 163°C 
 
Figure 5.6 Binder Peak Mn at original, RTFO 133°C and RTFO 163°C 
 
A tabulation of the molecular distribution peak data of all shown tested samples are presented in 
table 5.2.  
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Table 5.2 GPC Raw Data  
  Polymer Peak Binder Peak 
Binder Mn Mw Mn Mw 
0.8% Evotherm® Original 194240 199190 4967.4 5535 
0.8% Evotherm® Original 189070 195900 5092 5550 
Average 191655 197545 5029.7 5542 
Standard Deviation 3656 2326 88.11 11 
95% Confidence Interval 2533 1612 61.05 7 
0.8% Evotherm® RTFO @ 133°C 154950 165230 4424 4729 
0.8% Evotherm® RTFO @ 133°C 142830 157800 4592.8 4997 
Average 148890 161515 4508.4 4863 
Standard Deviation 8570 5254 119.36 190 
95% Confidence Interval 5939 3641 82.71 132 
0.8% Evotherm® RTFO @ 163°C 117630 118980 11188 13633 
0.8% Evotherm® RTFO @ 163°C 107280 108340 11428 13712 
Average 112455 113660 11308 13673 
Standard Deviation 7319 7524 169.71 56 
95% Confidence Interval 5071 5214 117.6 39 
1.5% Sasobit® Original 178580 199950 20897 22712 
1.5% Sasobit® Original 179860 200500 22097 23876 
Average 179220 200225 21497 23294 
Standard Deviation 905 389 849 823 
95% Confidence Interval 627 269 588 570 
1.5% Sasobit® RTFO @ 133°C 181820 198280 11156 14380 
1.5% Sasobit® RTFO @ 133°C 179540 195710 11073 14697 
Average 180680 196995 11114.5 14539 
Standard Deviation 1612 1817 59 224 
95% Confidence Interval 1117 1259 41 155 
1.5% Sasobit® RTFO @ 163°C 163290 173780 11832 15436 
1.5% Sasobit® RTFO @ 163°C 162320 173660 12045 16358 
Average 162805 173720 11938.5 15897 
Standard Deviation 686 85 150.61 652 
95% Confidence Interval 475 59 104.37 452 
Control Original 139790 158580 862.29 2905 
Control Original 140740 158600 856.68 2986 
Average 140265 158590 859.49 2946 
Standard Deviation 672 14 3.97 57 
95% Confidence Interval 465 10 2.75 40 
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Control RTFO 133°C 189190 196040 13424 16591 
Control RTFO 133°C 199470 204980 13484 17393 
Average 194330 200510 13454 16992 
Standard Deviation 7269 6322 42.43 567 
95% Confidence Interval 5037 4381 29.4 393 
Control RTFO 163°C 142620 156020 936.87 3560 
Control RTFO 163°C 175210 182630 28373 29067 
Average 158915 169325 14655 16313 
Standard Deviation 23045 18816 19400 18036 
95% Confidence Interval 15969 13039 13443 12498 
  
 
5.5 Statistical Analysis 
 
In order to confirm trends, a statistical analysis was performed through SPSS 19. The main 
statistical function to quantify significance was the pairwise comparison which compared 
condition temperature (Original, 133°C, 163°C)  and binder type (Evotherm®, Sasobit®, 
Control) at a 95% confidence interval.  The data output file is presented in appendix B.  
In regard to binder type, the polymer peaks Mn exhibited no statistical mean differences when 
comparing Mn’s of all three binders calculated in the Appendix B Table B.1. In terms of MW a 
statistical mean difference was observed between Evotherm® and Sasobit® when observing 
polymer peaks while the control remained similar to both. The binder peak’s Mn also displayed a 
mean difference when Evotherm® and Sasobit® were compared.  
When comparing temperatures, mean differences were observed in the pairwise comparison 
between original and RTFO 163°C samples in both Mn and MW measurements while no 
differences were observed between original and RTFO 133°C samples (Appendix B Table B.3). 
The binder peaks of these varying aging conditions exhibited no significant mean differences.  
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5.6 Discussion  
 
The Evotherm® modified binder showed the most sensitivity to temperature changes.  This can 
likely be attributed to an unknown interaction that may be occurring between the polymer 
modification of the binder and the Evotherm® synthetic oil product.  The same may be applied 
to Sasobit® although the sensitivity is not as evident as in Evotherm®.  This can likely be 
attributed to the wax product composed in Sasobit® which may make it more resistant. The 
control binder showed the least amount of overall sensitivity which could indicate that it may not 
be experiencing chemical reactions or viscosity reducing properties that the WMA additives 
introduce.  
The binder peak showed a general increase in molecular weight which is a result of the aging 
process which increases the asphaltene content of the binder.  It can be seen that WMA 
conditioning temperatures resulted in less binder aging and stiffening which is an ideal paving 
condition and lowers the possibility of fatigue cracking. In the Sasobit® binder, a high molecular 
weight value was observed which can likely be attributed to the wax composition of the binder in 
its original state. Further information would lie out of the scope of this study. Overall, no 
significant differences were apparent in binder peaks in most cases.  
The binder peak data displayed a higher degree of variability when compared to the polymer 
peak data collected. A coefficient of variation was calculated in order to compare variation. 
Polymer peak data had a coefficient of variation of 3.17% while binder peak data had a value of 
19.9%.  
In considering the statistical analysis, it was observed that original state and RTFO aged at 
133°C binders were not statistically different which would indicate that the lower production 
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temperature simulated in the lab reduced polymer degradation and was able to maintain an 
original state better.  
5.7 Summary of findings  
 
The summary of findings is shown below: 
1) Original and RTFO 133°C results conclude that WMA production temperatures maintain the 
original state of binders when considering mean difference at the 95% confidence  level 
presented in the pairwise comparison of temperatures in Appendix B. 
2) The control binder was more resistant to polymer degradation with an overall polymer 
molecular weight drop of 12% and 10% in Mn and Mw, respectively. Evotherm® showed a 
28% overall drop in both Mn and Mw . Sasobit® showed a 15% drop in both Mn and Mw.  
3) Binder peaks in all cases were more variable with a coefficient of variation of 19.9 when 
compared to 3.17 for polymer peaks. 
5.8 Conclusions  
 
The conclusions from this study are presented below: 
 
1) WMA is a viable option for asphalt pavement in trying to reduce polymer      degradation.  
2) Sasobit® modified WMA binders are more resistant to polymer degradation than Evotherm® 
binder.  
3) The control binder was more resistant to polymer degradation than both WMA modified 
binders.  
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Chapter 6 
Summary of Findings, Conclusions and Recommendations 
These studies were executed to quantify and evaluate the degree of blending in WMA RAP 
mixtures and polymer degradation in WMA binders. A series of significant findings, 
conclusions, and recommendations as a result of this study are listed in the following sections.  
6.1 Summary of findings 
Summary of findings of major tasks carried out to address the objective of the study are 
as follows; 
1. Figures 4.2 through 4.5 validate partial blending in all 24 plant mixing conditions tested 
in this study. The fine and coarse G*/Sin(δ) values in figures 4.2, 4.3, and 4.4 average 
51%, 48%, and 45% in difference for Evotherm®, Sasobit®, and control binders.  
 
2. The degree of blending increased by an average of 19% when Evotherm® was 
introduced, and 23% when Sasobit® when compared to the control binder.  
 
3. WMA technology averaged higher degrees of blending than the control counterparts. 
Evotherm® and Sasobit® averaged degrees of blending of 80% and 83%, respectively, 
while the control averaged 67%. 
4. Conditioning time displayed an overall increase in degree of blending of 8% when 
conditioning time was increased from 2 hours to 3 hours.  
5. Mixing temperature showed a decrease of 5% in degree of blending when conditioning 
time was increased from WMA temperatures to HMA temperatures.  
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6. Mixing time contributed to an overall decrease in degree of blending of 2% when mixing 
time was increased from 1 minute to 5 minutes. 
7. The quartile calculations in table 4.4 suggest that degrees of blending fell in the range of 
75% to 85% in WMA modified mixtures and 65% to 75% in the control mixture.  
8. Polymer degradation was reduced in the WMA aging condition of RTFO 133°C and was 
more similar to the original state of the binder HMA equivalent aging condition of RTFO 
163°C.   
9. Increases were observed among all binder peak data collected. Evotherm® exhibited a 
55% and 57% overall increase in Mn and MW, respectively. Sasobit® exhibited a 6% and 
8% overall increase in Mn and MW, respectively. And the control exhibited an 93% and 
74% overall increase in Mn and MW, respectively. 
10. The control binder  was more resistant to polymer degradation with an overall polymer 
molecular weight drop of 12% and 10% in Mn and Mw, respectively. Evotherm® showed 
a 28% overall drop in both Mn and Mw . Sasobit® showed a 15% drop in both Mn and Mw.  
11. The molecular weights of binder were more variable with a coefficient of variation of 
19.9 compared to the value of 3.17 for polymer peaks.  
12. A mean difference was significant at the 0.05 level between original binders and RTFO 
163°C aged binders indicating significant reduction in polymer molecular weight.  
13. No mean differences at the 0.05 level in pairwise comparison were observed in binder 
peak results.  
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6.2 Conclusions 
Following are the conclusions derived from the finding of the study. 
1. The degree of partial blending of RAP binder in RAP WMA can indeed be quantified 
using the fundamental property of G*/sin(δ) of binder extracted from separated fine RAP 
aggregates and course virgin aggregate of a WMA RAP mix.  
2. The determination of the degree of partial blending was indeed aided by the calculation 
of film thickness for varying degrees of partial blending and aging temperature using 
asphalt content and gradation.  
3. Full blending does not occur in any laboratory mixing condition and will likely not occur 
in field mixing conditions.  
4. A partial blending assumption may be necessary to obtain optimum performance of 
mixtures at the plant.  
5. Evotherm® and Sasobit® increase degree of blending at both HMA and WMA mixing 
temperatures when compared to the control. WMA modification display superior 
blending in a majority of the 24 cases considered in this study.  
6. Evotherm® increases the degree of blending more than Sasobit®.  
7. Evotherm® modified binders were more susceptible to reductions in molecular weight of 
polymer peaks when compared to Sasobit®.   
8. Degree of blending is sensitive to both binder modification and mixing time. 
9. Degree of blending is not affected by conditioning time and mixing temperature. 
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10. Polymer degradation or reductions in polymer molecular weight is reduced at WMA 
conditioning temperatures which in turn better preserves the original state of the binder. 
11. WMA is a viable option for asphalt pavement in trying to reduce polymer degradation. 
12. Sasobit® modified WMA binders are more resistant to polymer degradation than 
Evotherm® binder.  
13. The control binder was more resistant to polymer degradation than both WMA modified 
binders. 
6.3 Recommendations 
The recommendations made from the conclusions of the study are: 
1. A laboratory mixture performance study is required to further validate the partial 
blending assumption. 
2. Quantify degree of blending in  other viscosity reducers and emulsions WMA 
technologies. 
3. Perform gel permeation chromatography on other WMA technologies.  
4. Application of the Fourier Transform Infrared Spectroscopy(FTIR) method to evaluate 
polymer degradation through a different median. 
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Appendix A 
 
Appendix A is a tabulation of G*/sin(δ) properties collected for the degree of blending study.  
 
Table A.1 Numerator, Denominator, & DOB Values Collected For Evotherm® 
Mixing Temperature 
Mixing 
Time 
Conditioning Time 
127°C 
1 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
0.71 1.26 1.02 1.27 
2.69 4.87 2.69 4.87 
DOB 75 89 
5 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
1.62 2.08 1.46 2.94 
2.69 12.45 2.69 12.45 
 
DOB 79 85 
157°C 
1 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
0.63 3.78 1.58 3.27 
3.10 14.37 3.10 14.37 
DOB 72 85 
5 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
1.28 3.33 0.51 2.57 
3.10 11.84 3.10 11.84 
 
DOB 77 76 
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Table A.2 Numerator, Denominator, & DOB Values Collected For Sasobit® 
Mixing Temperature 
Mixing 
Time 
Conditioning Time 
127°C 
1 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
2.01 2.26 1.14 2.04 
3.80 8.23 3.80 8.23 
 
90 81 
5 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
1.50 2.73 1.38 2.42 
3.80 8.62 3.80 9.87 
 
DOB 75 83 
157°C 
1 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
1.92 3.93 1.04 2.54 
5.79 15.64 5.79 15.64 
DOB 80 85 
5 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
1.58 3.34 0.42 1.87 
5.79 15.64 5.79 15.64 
 
DOB 82 85 
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Table A.3 Numerator, Denominator, & DOB Values Collected For Control PG 76-22 
Mixing Temperature 
Mixing 
Time 
Conditioning Time 
127°C 
1 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
2.25 2.96 0.50 1.54 
2.61 4.80 2.61 7.76 
 
67 69 
5 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
1.95 2.56 0.67 1.48 
2.61 4.80 2.61 5.94 
 
DOB 72 76 
157°C 
1 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
2.33 5.00 3.97 4.76 
4.08 10.57 4.08 6.98 
DOB 59 73 
5 minute 
2 hr 3 hr 
Coarse Fine Coarse Fine 
1.42 3.81 1.75 3.89 
4.08 7.76 4.08 10.57 
 
DOB 53 67 
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Appendix B  
 
General Linear Model 
*Note: 1.00 = Evotherm® and Original State 
  2.00 = Sasobit® and RTFO 133°C 
      3.00 = Control and RTFO 163°C 
 
Table B.1 Variable Designations 
Between-Subjects Factors 
Group # N 
Temperature 
1.00 6 
2.00 6 
3.00 6 
Binder 
1.00 6 
2.00 6 
3.00 6 
 
 
Table B.2 Descriptive Statistics 
 Temperature Binder Mean 
Standard                      
Deviation 
N 
Mn_Polymer 
1.00 
1.00 184353 10327 2 
2.00 190830 16419 2 
3.00 164418 34157 2 
Total 179867 21452 6 
2.00 
1.00 155293 9055 2 
2.00 176948 5279 2 
3.00 184228 14287 2 
Total 172156 15621 6 
3.00 
1.00 132230 27966 2 
2.00 161565 1754 2 
3.00 162830 5537 2 
Total 152208 20074 6 
Total 
1.00 157292 27201 6 
2.00 176448 15217 6 
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3.00 170492 19849 6 
Total 168077 21667 18 
Mw_Polymer 
1.00 
1.00 192290 7432 2 
2.00 205553 7534 2 
3.00 176225 24940 2 
Total 191356 17870 6 
2.00 
1.00 167575 8570 2 
2.00 193290 5240 2 
3.00 192265 11660 2 
Total 184377 14730 6 
3.00 
1.00 138085 34542 2 
2.00 175330 2277 2 
3.00 173005 5204 2 
Total 162140 24359 6 
Total 
1.00 165983 29215 6 
2.00 191391 14238 6 
3.00 180498 15561 6 
Total 179291 22284 18 
Mn_Binder 
1.00 
1.00 3021 2841 2 
2.00 24841 4729 2 
3.00 956 136 2 
Total 9606 12092 6 
2.00 
1.00 2757 2477 2 
2.00 6047 7167 2 
3.00 7249 8775 2 
Total 5351 5588 6 
3.00 
1.00 6142 7306 2 
2.00 6446 7768 2 
3.00 7699 9838 2 
Total 6762 6530 6 
Total 
1.00 3973 4044 6 
2.00 12444 10911 6 
3.00 5301 6792 6 
Total 7240 8249 18 
Mw_Binder 
1.00 
1.00 3605 2739 2 
2.00 26172 4069 2 
3.00 2277 947 2 
Total 10684 12217 6 
2.00 1.00 3309 2198 2 
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2.00 8043 9187 2 
3.00 9377 10770 2 
Total 6909 7013 6 
3.00 
1.00 7763 8358 2 
2.00 8787 10056 2 
3.00 9191 10073 2 
Total 8580 7411 6 
Total 
1.00 4892 4626 6 
2.00 14334 11163 6 
3.00 6948 7535 6 
Total 8725 8777 18 
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Estimated Marginal Mean 
 
1. Binder 
Table B.3 Estimates 
Dependent Variable Binder Mean Std. Error 
95% Confidence 
Interval 
Lower 
Bound 
Upper 
Bound 
        Mn_Polymer 
1.00 157292 7035 141377 173207 
2.00 176448 7035 160533 192362 
3.00 170492 7035 154577 186407 
        Mw_Polymer 
1.00 165983 6377 151557 180410 
2.00 191391 6377 176964 205818 
3.00 180498 6377 166072 194925 
Mn_Binder 
1.00 3973 2637 -1992 9938 
2.00 12444 2637 6480 18409 
3.00 5301 2637 -664 11266 
Mw_Binder 
1.00 4892 3051 -2009 11794 
2.00 14334 3051 7432 21235 
3.00 6948 3051 46 13849 
 
 
Table B.4 Pairwise Comparisons Significance By Binder Type 
Dependent Variable 
(I) 
Binder 
(J) Binder 
    Mean    
Difference (I-J) 
Std. Error Sig.
a
 
Mn_Polymer 
1.00 
       2.00 -19156 9949 .086 
      3.00 -13200 9949 .217 
2.00 
1.00 19156 9949 .086 
3.00 5956 9949 .564 
3.00 
1.00 13200 9949 .217 
2.00 -5956 9949 .564 
Mw_Polymer 
1.00 
2.00 -25408* 9019 .020 
3.00 -14515 9019 .142 
2.00 
1.00 25408* 9019 .020 
3.00 10893 9019 .258 
3.00 
1.00 14515 9019 .142 
2.00 -10893 9019 .258 
Mn_Binder 1.00 
2.00 -8471* 3729 .049 
3.00 -1328 3729 .730 
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2.00 
1.00 8471* 3729 .049 
3.00 7143 3729 .088 
3.00 
1.00 1328 3729 .730 
2.00 -7143 3729 .088 
Mw_Binder 
1.00 
2.00 -9441 4315 .056 
3.00 -2056 4315 .645 
2.00 
1.00 9441 4315 .056 
3.00 7386 4315 .121 
3.00 
1.00 2056 4315 .645 
2.00 -7386 4315 .121 
Based on estimated marginal means 
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no 
adjustments). 
*. The mean difference is significant at the .05 level. 
 
 
Table B.5 Pairwise Comparisons Bounds By Binder Type 
Dependent Variable 
(I) 
Binder 
(J) Binder 
95% Confidence Interval for 
Difference
a
 
Lower Bound Upper Bound 
         Mn_Polymer 
1.00 
2.00 -41663 3351 
3.00 -35707 9307 
2.00 
1.00 -3351 41663 
3.00 -16551 28463 
3.00 
1.00 -9307 35707 
2.00 -28463 16551 
         Mw_Polymer 
1.00 
2.00 -45810 -5005 
3.00 -34918 5888 
2.00 
1.00 5005 45810 
3.00 -9510 31295 
3.00 
1.00 -5888 34918 
2.00 -31295 9510 
          Mn_Binder 
1.00 
2.00 -16907 -36 
3.00 -9764 7108 
2.00 
1.00 36 16907 
3.00 -1292 15579 
3.00 
1.00 -7108 9764 
2.00 -15579 1292 
Mw_Binder 1.00 
2.00 -19202 319 
3.00 -11816 7705 
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2.00 
1.00 -319 19202 
3.00 -2375 17146 
3.00 
1.00 -7705 11816 
2.00 -17146 2375 
Based on estimated marginal means 
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no 
adjustments). 
 
2. Temperature 
Table B.6 Estimates 
Dependent 
Variable 
Temperature 
Mean 
Std. 
Error 
95% Confidence Interval 
Lower 
Bound 
Upper 
Bound 
Mn_Polymer 
1.00 179867 7035 163952 195782 
2.00 172156 7035 156241 188071 
3.00 152208 7035 136293 168123 
Mw_Polymer 
1.00 191356 6377 176929 205783 
2.00 184377 6377 169950 198803 
3.00 162140 6377 147713 176567 
Mn_Binder 
1.00 9606 2637 3641 15571 
2.00 5351 2637 -614 11316 
3.00 6762 2637 797 12727 
Mw_Binder 
1.00 10684 3051 3783 17586 
2.00 6909 3051 8 13811 
3.00 8580 3051 1678 15482 
 
 
Table B.7 Pairwise Comparisons Significance By Binder Type 
Dependent 
Variable 
(I) Temperature 
(J) 
Temperature 
Mean 
Difference (I-J) 
Std. Error 
Mn_Polymer 
1.00 
2.00 7711 9949 
3.00 27658.333* 9949 
2.00 
1.00 -7711 9949 
3.00 19948 9949 
3.00 
1.00 -27658.333* 9949 
2.00 -19948 9949 
Mw_Polymer 
1.00 
2.00 6979 9019 
3.00 29215.833* 9019 
2.00 
1.00 -6979 9019 
3.00 22236.667* 9019 
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3.00 
1.00 -29215.833* 9019 
2.00 -22236.667* 9019 
Mn_Binder 
1.00 
2.00 4255 3729 
3.00 2844 3729 
2.00 
1.00 -4255 3729 
3.00 -1411 3729 
3.00 
1.00 -2844 3729 
2.00 1411 3729 
Mw_Binder 
1.00 
2.00 3775 4315 
3.00 2104 4315 
2.00 
1.00 -3775 4315 
3.00 -1671 4315 
3.00 
1.00 -2104 4315 
2.00 1671 4315 
Based on estimated marginal means 
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no 
adjustments). 
*. The mean difference is significant at the .05 level. 
 
 
 
 
Table B.8 Pairwise Comparisons Bounds By Binder Type 
Dependent 
Variable 
(I) Temperature 
(J) 
Temperature 
95% Confidence Interval for 
Difference
a
 
Lower Bound Upper Bound 
Mn_Polymer 
1.00 
2.00 -14796 30218 
3.00 5151 50165 
2.00 
1.00 -30218 14796 
3.00 -2560 42455 
3.00 
1.00 -50165 -5151 
2.00 -42455 2560 
Mw_Polymer 
1.00 
2.00 -13423 27382 
3.00 8813 49618 
2.00 
1.00 -27382 13423 
3.00 1834 42639 
3.00 
1.00 -49618 -8813 
2.00 -42639 -1834 
Mn_Binder 1.00 
2.00 -4181 12690 
3.00 -5592 11279 
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2.00 
1.00 -12690 4181 
3.00 -9847 7025 
3.00 
1.00 -11279 5592 
2.00 -7025 9847 
Mw_Binder 
1.00 
2.00 -5985 13535 
3.00 -7656 11865 
2.00 
1.00 -13535 5985 
3.00 -11431 8089 
3.00 
1.00 -11865 7656 
2.00 -8089 11431 
Based on estimated marginal means 
a. Adjustment for multiple comparisons: Least Significant Difference (equivalent to no 
adjustments). 
 
 
